Objective To investigate the possibility of a combination of knee digital radiography (DR) characteristics and pain numerical rating scale (NRS) scores in predicting the need for knee replacement (KR). Materials and methods This follow-up study was approved by the local medical ethics review boards, and informed consent was obtained from the participants. Knee osteoarthritis (KOA) patients who underwent KR (n = 106; 90 females) and those who did not (n = 103; 78 females) along with normal controls (n = 104; 81 females) were followed up from December 2016 to March 2018. The minimum knee joint space width (MJSW) on radiographs, Kellgren-Lawrence (KL) grade, NRS scores, age at operation, and body weight were statistically analysed by binary logistic regression, ROC curves, and Kaplan-Meier analysis. Measurement reliability was assessed by using intraclass correlation coefficient (ICC) values. Results The results showed a high reliability (ICC > 0.98). NRS and MJSW showed a higher value for predicting KR (odds ratios 2.76 and 2.21, respectively). The combination of MJSW ≤ 2.08 mm and NRS score > 3.75 had better predictive value than either index alone. Conclusion The MJSW, an imaging characteristic derived from DR, and NRS scores have some predictive value for determining the need for KR in patients with KOA.
Introduction
Knee osteoarthritis (KOA) is a frequent cause of musculoskeletal pain in elderly adults and can impair mobility and quality of life [1] . The prevalence has doubled since the midtwentieth century as a result of the ageing population and the growing prevalence of risk factors, mainly obesity [2, 3] . For early KOA, the American Academy of Orthopedic Surgeons recommends conservative treatments such as medications, weight loss, low-intensity cardio, and strength training [4] . If the symptoms persist or worsen despite conservative treatments, knee replacement (KR) is an effective intervention to relieve pain and improve function in end-stage KOA [5, 6] .
Diagnosis of KOA is based on a subject's history and symptoms, physical findings, and characteristic changes on plain radiographs [7] . Radiographic joint space width (JSW) obtained from high-quality X-ray acquisitions has been proven to be sensitive to change in KOA, particularly before KR [8] . However, the lack of quantitative criteria that can be used to conclusively recommend KR has resulted Qing-Qing Zhou, and Xianfeng Yang contributed equally to the manuscript.
Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4205 8-019-00017 -y) contains supplementary material, which is available to authorized users. 1 3 in differing opinions about the need for KR among individual orthopaedic surgeons, especially in younger patients (< 50 years old). In previously reported prediction models, clinical features, radiographic Kellgren-Lawrence (KL) grade, MRI features such as cartilage loss, Boston-Leeds Osteoarthritis Knee Score and unenhanced T2-weighted imaging of the infrapatellar fat pad were selected as the major risk factors of KR [9] [10] [11] [12] [13] [14] [15] . However, none of them was quantitative, as ordinal grading using the KL scale gave only a summary score of overall disease severity with varying intra-and inter-rater reliability [7] . Although MRI had high sensitivity and early detection, it is still too laborious and expensive to perform in general clinical practice, and not used as routine preoperative examination of KR [16] . On the contrary, weight-bearing knee radiography is the preoperative routine examination, which is non-invasive, inexpensive, convenient, and can help the surgeon plan the bone cuts, tibial slope as well as the implant position at the time of surgery [17] . In some previous studies [18] [19] [20] , the JSW measured with DR was correlated with KOA progression, meniscal changes, cartilage loss and joint pain, whereas the correlation between JSW narrowing and KR has not been elucidated. Therefore, this study primarily aimed to determine whether imaging characteristics determined from DR and clinical evaluation scores could serve as predictive indicators of the need for KR, and then determine the optimal threshold values for the identified predictors. We hypothesized that determination and widespread application of the optimal DR imaging characteristics along with numerical rating scale (NRS) scores to predict the need for KR would provide an important reference for clinical implementation of KR and avoid overoperation, prolonged pain, or malaise.
Materials and methods

Study population
A total of 531 consecutive patients were hospitalized from December 2016 to March 2018 and over three subgroups participated in this study: (a) KOA patients who had undergone KR (KR group, n = 168) and having uniform surgical indications; (b) patients with KOA who did not undergo KR (KOA group, n = 207); (c) 156 normal control participants who were hospitalized for mild trauma (NC group, n = 156). The inclusion criteria were as follows: (1) KR was the patient's first surgery; (2) KOA diagnosis was in accordance with the American Society of Rheumatology criteria [21] ; (3) DR images were distinct with accurate positioning, with a score of 3 or more in a five-point method (accessory); and (4) the subjects were aged 50-90 years. The exclusion criteria [22] were as follows: (1) a history of other knee surgeries such as revision knee arthroplasty; (2) presence of knee joint fracture, rheumatoid arthritis or calcium pyrophosphate deposition; (3) pregnant or lactating status or mental illness or speech impairment.
Clinical information collection
The baseline clinical information including gender, age, weight, date of examination, and NRS pain score were collected from an electronic medical record system at the hospital. To ensure the authenticity and unification of data, especially pain scores, the intensity of pain and whether they had undergone KR were verified by telephone follow-up. If the NRS score obtained from telephone follow-up was inconsistent with the electronic medical data, they were abandoned from our study. All 531 respondents (or their partners or offspring) were invited to answer some questions by telephone (mean follow-up period, 10.50 months) by a fixed research graduate student. The NRS score for the most intense knee pain over the last year, the patient's baseline weight, and the right/left/bilateral pain status were recorded before radiography or KR. Information regarding the most recent pain level, the need for surgery, or complete KR operation was recorded. An 11-point NRS was used to describe the pain intensity from painless (0 points) to severe pain (10 points) [23, 24] .
A total of 313 patients (58.95%), all of whom provided informed consent, were included in the case-control study. Of the 219 excluded subjects, 47 met the exclusion criteria, 52 were excluded because of inaccurate or lack of telephone numbers, 18 refused to participate or the results described from telephone did not match the electronic medical data, and 20 did not answer the phone (up to 3 days of consecutive telephone calls if there was no answer, and a final attempt to communicate via text message). Twenty-two patients were excluded from the KOA group due to serious diabetes, cardiopulmonary insufficiency, hypertension, cancer, and local or systemic infections, and 12 patients were excluded for economic reasons (these patients would be willing to undergo surgery if they could afford it). Thirty-three patients from the KOA group who had undergone KR surgery and 14 patients who had recently planned to undergo the surgery were also excluded. A total of 106, 103, and 104 participants remained in the KR, KOA, and NC groups ( Fig. 1 ). Of these knee images, about 2/3 (n = 198) had radiographed once, and the others had twice or more. We selected the nearest knee images before the telephone follow-up (for KR patients, we selected the nearest knee images before KR) as the study objects.
Knee radiography examination and measurement
All participants underwent routine weight standing anteroposterior knee radiography by two professional technicians.
A DR system (Definium 6000; General Electric Company, USA) was used. We set a 5° tube head angle [25] , so that the anterior and posterior margins of the tibial plateau could be shown clearly. Patients were ordered to remain motionless during photography, so as not to affect the image quality. Two experienced musculoskeletal radiologists (XY and XZ, musculoskeletal radiologists with 14 and 11 years' experience, respectively) who were blinded to the subjects' characteristics independently assessed the radiographs for knee features on a Picture Archiving and Communication System (PACS) (Neusoft, Shanghai, China). The minimum medial and lateral joint space width (MmJSW, LmJSW) were measured manually, and the average of two measurements was considered as the result. The definite measurement method [18] is shown in Fig. 2 . The KL grades of all 313 patients were evaluated by these two radiologists; if inconsistency between them, a chief radiologist was invited to decide.
Statistical analysis
The performance of the Kolmogorov-Smirnov test was used to detect normal distribution. Continuous variables including age, body weight, MmJSW, LmJSW, and NRS score were reported as mean ± standard deviation if they were in the normal distribution. One-way analysis of variance (ANOVA) was used for continuous variables. The gender, KL grade, and incidence of bilateral pain were reported as number (percentage) and assessed by the Pearson's 2 test or one-way ordinal contingency table analyses. Measurement repeatability was assessed using intraclass correlation coefficient (ICC) values.
To identify the optimal predictive indicators of KR, binary logistic regression (with the B value adjusted to a positive value; odds ratio [OR] > 1: risk factor; OR < 1: protective factor) was used to select the statistically significant indicators. We performed ROC curve analysis for risk factors showing statistically significant differences and selected the best forecast value with optimal sensitivity and specificity. MedCalc Statistical software version 15.6.1 (MedCalc Software bvba, Ostend, Belgium) was used to compare the statistical significance of the ROC areas among these predictive indicators. The probability of freedom from KR surgery was estimated using the Kaplan-Meier method; comparisons of survival curves by MJSW and JSN category were performed using the logrank test.
These analyses were performed with SPSS software version 21.0 (International Business Machines Corporation, Chicago IL, USA) and P < 0.05 was considered statistically significant. All graphics were created using Graph-Pad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA). 
Results
Demographic information and radiological and clinical characteristics
The study contained 79.55% (249/313) female and 20.45% (64/313) male participants aged 66.94 ± 8.30 years (mean ± standard deviation; range 50-89 years). The three subgroups were matched for age and gender. When comparing body weight (kg), MmJSW (mm), LmJSW (mm), KL grade, NRS score, and incidence of bilateral pain among the three subgroups, the control group showed a significantly lower weight than the KR and KOA groups (Tables 1, 2 ). The MmJSW value was the lowest in the KR group. NRS score decreased sequentially in the KR, KOA, and NC groups. The distribution of KL grade was significantly different among the three groups after one-way ordinal contingency table analysis (P < 0.001) ( Table 2 ). There were no differences in the LmJSW and the incidence of left/right/bilateral pain (Table 1) . Hence, body weight, MmJSW, KL grade and NRS score these four indexes present significant difference among all groups (all P < 0.05) ( Table 1 ).
Measurement repeatability assessment
Forty knee radiographs were selected by random number generator from the NC group. A deputy chief radiologist (with 14 years working experience in musculoskeletal radiology) measured the MmJSW using the PACS once and repeated the measurement a week later (the measurements were recorded as MmJSW [Y1], MmJSW [Y2]), while another deputy chief radiologist (with 15 years working experience in musculoskeletal radiology) obtained another MmJSW measurement (recorded as MmJSW [Z]). The intraand inter-observer ICC values were close to 1 (Table 3) , showing the high reliability and good repeatability of DR measurements obtained using the PACS system.
Identify the optimal predictive indicators of KR
For KOA patients with varus and valgus knees, LmJSW was occasionally less than MmJSW; therefore, we introduced the new variable MJSW (MJSW = Min [MmJSW, Baseline age, gender, weight, MJSW, MmJSW, KL grade and NRS score were selected in the binary logistic regression models to analyse the risk factors and OR values for KR between the non-operation group (NC and KOA groups combined) and the KR group. Binary logistic regression demonstrated that MJSW and NRS score had high risk factors for KR (B = 0.789, OR = 2.203, and P = 0.005; B = 0.671, OR = 1.957, and P < 0.0001), and age, gender, MmJSW, KL grade and weight showed no significant difference in comparison with the non-operation group (Table 4 ). Therefore, MJSW and NRS score were selected as predictors of the need for KR.
Draw ROC curve and calculate the threshold values curve
ROC curves were used to assess the forecast indicators (MJSW and NRS score) of KR between the non-operation and KR groups (the KR group was the gold standard for surgery). The area under the curve (AUC) was 0.788 (CI 0.739, 0.832) and 0.879 (CI 0.837, 0.913), and both P values were statistically significant (P = 0.0002). When these two indicators were combined, the resultant AUC (0.903, CI 0.864, 0.933) was bigger than those of the separate indicators, with the difference being statistically significant (P value was 0.0184 and 0.0001, respectively) ( Fig. 3) . According to the Youden index, the threshold values for MJSW and NRS score were less than 2.08 mm and greater than 3.75, respectively. Their sensitivity for predicting KR was 61.3% and 88.4%, and the specificity was 69.8% and 87.9%, respectively.
Kaplan-Meier analysis of differences between groups
Kaplan-Meier analysis was performed for freedom from KR with all 313 patients stratified by MJSW < 2.08 mm (n = 97) or MJSW ≥ 2.08 mm (n = 216), and NRS score ≥ 3.75 (n = 82) or NRS score < 3.75 (n = 231) (reference analytic thinking of Morris [26] ). Surgery was considered as the end point (n = 106), and data without surgery were censored (n = 207) during the study period (December 2016-March 2018). The patient's baseline age at surgery was defined as the cumulative non-operative free time. The cumulative freedom from KR in patients grouped by MJSW and NRS scores showed significant differences (Fig. 4) . Patients with MJSW ≥ 2.08 mm or NRS < 3.75 underwent their first surgery later than those with MJSW < 2.08 mm or NRS ≥ 3.75 (MJSW < 2.08 mm: average, 70 years; NRS ≥ 3.75: average, 69 years; MJSW ≥ 2.08 mm: average, 81 years; NRS < 3.75: average, 82 years; P < 0.0001 for all comparisons). Patients with different radiological and clinical features would have different outcomes (Fig. 5 ).
Discussion
The findings of this study suggest that the MJSW value, an imaging feature from DR, and the NRS score could be used as predictive indicators of the requirement for KR in future. Moreover, the combination of MJSW ≤ 2.08 mm and NRS score > 3.75 showed a better predictive value than either index alone. Joint space width is the most common parameter measured quantitatively from plain knee radiographs [7] . Oka et al.'s study showed that MmJSW had the greatest correlation with the severity of KOA neither lateral joint space nor osteophyte area after adjustment for age and confounding factors. Roth et al. [27] found the minimal joint space width reflected a combination of cartilage and meniscal measures, particularly in women. While KL grade was a discrete variable which could not reflect the nuances of the knee joint width, the multiple regression model revealed that the KL grade had no significant difference between the KR group and the KOA group. On the other hand, measurements (MmJSW/LmJSW) obtained using knee radiography had high repeatability and reliability (ICC > 0.98) and the KL scale had a varying intra-and inter-rater reliability [7] . Thus, in the present study, MmJSW was selected as a prediction index. Nevertheless, the LmJSW was occasionally lower than the MmJSW in KOA patients with valgus knees. Therefore, MJSW, instead of MmJSW, can better reflect the severity of KOA.
Clinical knee pain and typical radiographic findings are the most important part of the KOA diagnostic criteria [21] , and the degree of pain was directly related to the need for surgery. Currently, the Western Ontario and McMaster Universities (WOMAC) questionnaire, Knee Society Score (KSS), visual analogue scale (VAS), and NRS are used as clinical criteria. However, the WOMAC and KSS scoring system are complicated and time-consuming, and different interpretations can be attributed to the adjectives of the scale [28, 29] . Ornetti et al. [29] recommended that a VAS or a 0-10 NRS was applicable in clinical practice for monitoring chronic rheumatic disease and could facilitate statistical analyses. A systematic review of NRS, VRS and VAS in assessing the severity of pain in adults [30] showed that NRS was applicable for unidimensional assessment of pain intensity in most settings and corresponded to VAS. The NRS score was chosen for retrospective telephone follow-up of patients with knee pain, and the results were similar to the VAS scores [31, 32] .
The known causes of KOA include advanced age, overweight, severe knee injury, high-intensity manual labour, and abnormal oestrogen levels [21] . Wen et al. [33] have shown that after adjusting for confounders, weight was the only factor significantly associated with knee radiographic OA, regardless of gender (all P < 0.01), and its correlation was greater than that of BMI. Similar studies showing the adverse effects of increasing weight are stronger in the offspring of people with knee OA [34] . In our study, logistic regression analysis revealed that weight was a risk factor for KR surgery, but there was no significant difference between the KR group and the non-operation group, which could be due to the small sample size and large individual differences. Most of the patients with KOA in the nonoperation group were heavier, so the weight had no predictive value for KR surgery.
During the follow-up period, 33 patients had undergone KR surgery and 14 patients would plan to undergo the surgery from the KOA group, and they did not need operation initially. To increase the accuracy of the research, these data were excluded. On the other hand, this meant that the first diagnosis may change with the symptoms becoming worse. Through the results of Kaplan-Meier survival analysis, patients regardless of the initial diagnoses with MJSW < 2.08 mm or NRS ≥ 3.75 had smaller cumulative non-operative free time than another group (Fig. 4) ; therefore, the stratification using these two indexes was statistically significant (P < 0.0001 for all comparisons.)
In the current study, measurements obtained from knee radiography had high repeatability and reliability (ICC > 0.98). Therefore, this method could be used to quantitatively measure the JSW and better reflect the subtle difference of knee joint width. In addition, patients had visited one of the best orthopaedic hospitals in the country, and they were from all over the country. Therefore, rich and diverse resources could better reflect randomness and individual differences.
There were some shortcomings in this study. First, patients' baseline clinical information including response to other treatment modalities or functional impairment, socioeconomic and psychological factors failed to be obtained during the telephone follow-up. Second, the sample size was obtained from a single centre, imprecision may have existed, and a multi-centre prospective study was required to validate the findings. In future study, big data of clinical symptoms (from prospective study) and image features will be obtained through machine/deep learning method to predict the need for KR.
In summary, MJSW and NRS score would be used as important clinical predictors of KR in patients with KOA, which may provide reference for clinicians to implement KR.
Funding This study was funded by the social development project of science and technology in Jiangsu Province (BE2016605, BE201707); the National Natural Science Foundation of China (81720108022, 91649116, 81571040, BZ); key medical talent of the Jiangsu Province, the "13th Five-Year" health promotion project of the Jiangsu province (BZ 2016-2020); Jiangsu Provincial Key Medical Discipline (Laboratory) (ZDXKA2016020); the National and Provincial postdoctoral project (BE179 and 1501076A, BZ); the key project of Nanjing Health Bureau (ZKX14027, BZ); the Nanjing Science and Technology Development Program (NE179, BZ, YKK15065, XZ); and the project of the sixth peak of talented people (WSN-O50, BZ). National Key R&D Program of China (2016YFC0100100).
